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In recent years two fundamental aspects of
quantum mechanics have attracted a great deal
of interest, namely the investigation on the irre-
ducible nonlocal properties of Nature implied by
quantum entanglement and the physical realiza-
tion of the ”Schrœdinger Cat”. The last concept,
by applying the nonlocality property to a com-
bination of a microscopic and of a macroscopic
systems, enlightens the concept of the quantum
state, the dynamics of large systems and ven-
tures into the most intriguing philosophical prob-
lem, i.e. the emergence of quantum mechanics
in the real life. Rather surprisingly these two
aspects, which appeared in the same year 1935
by the separated efforts of Albert Einstein, Boris
Podolsky and Nathan Rosen (EPR) and of Er-
win Schrœdinger [1, 2] appear not being generally
appreciated for their profound interconnections
that establish the basic foundations of modern
science. Likely, this follows from the extreme dif-
ficulty of realizing a system which realizes simul-
taneously the following three conditions: (a) the
quantum superposition of two multiparticle, mu-
tually orthogonal states, call it a ”Macro-system”
(b) the quantum non-separability of this super-
position with a far apart single-particle state, i.e.
the ”Micro-system”, (c) the violation of the Bell’s
inequality stating that by no means any hidden
variable formulation can simulate the nonlocal
correlations affecting the joint Micro-Macro sys-
tem [3].
In the present work these crucial conditions
are simultaneously realized and experimentally
tested. A Macro - state consisting of N ≈ 3.5×104
photons in a quantum superposition and entan-
gled with a far apart single - photon state is
generated. Then, the non-separability of the
overall Micro-Macro system is demonstrated and
the corresponding Bell’s inequalities are found to
be violated. Precisely, an entangled photon pair
is created by a nonlinear optical process, then
one photon of the pair is injected into an optical
parametric amplifier (OPA) operating for any in-
put polarization state, i.e. into a phase-covariant
cloning machine. Such transformation establishes
a connection between the single photon and the
multi particle fields, as show in Figure 1. We
then demonstrate the non-separability of the
bipartite system by adopting a local filtering
technique within a positive operator valued mea-
surement (POVM) [4]. The work shows that the
amplification process applied to a microscopic
system is a natural approach to enlighten the
quantum-to-classical transition and to investigate
the persistence of quantum phenomena into the
”classical” domain by measurement procedures
applied to quantum systems of increasing size [5].
Furthermore, since the generated Micro-Macro
entangled state is directly accessible at the
output of the apparatus, the implementation
of significant multi qubit logic gates for quan-
tum information technology can be achieved by
this method. At last, we demonstrate how our
scheme may be up-graded to an entangled Macro
- Macro quantum system, by then establishing
a peculiar nonlocal correlation process between
two space-like separated macroscopic quantum
superpositions.
In recent years quantum entanglement has been
demonstrated within a two photon system [6], within a
single trapped-ion one-photon system [7, 8], within a sin-
gle photon and atomic ensemble [9, 10], within atomic en-
sembles [11, 12, 13, 14, 15] and superconducting qubits
[16]. In addition, the observation of quantum features
has been extended to ”cluster” entangled states involv-
ing four [17], five [18]and six particles [19, 20] and to a
more complex architecture [21].
The innovative character of the present work is en-
lightened by the diagrams reported in Figure 1. While,
according to the 1935 proposal the nonlocal correlations
were conceived to connect the dynamics of two ”micro-
scopic” objects, i.e. two spins within the well known
EPR-Bohm scheme here represented by diagram (a)[6],
in the present work the entanglement is established be-
tween a ”microscopic” and a ”macroscopic”, i.e. multi-
particle quantum object, via cloning amplification: di-
agram (b). The amplification is achieved by adopting
a high-gain nonlinear (NL) parametric amplifier acting
on a single-photon input carrier of quantum informa-
tion, i.e., a qubit state: |φ〉. This process, referred to
as ”quantum injected optical parametric amplification”
2(QI-OPA) [4, 22] turned out to be particularly fruitful in
the recent past to gain insight into several little explored
albeit fundamental, modern aspects of quantum informa-
tion, as quantum cloning machines [4, 23, 24], quantum
U-NOT gate [25], quantum no-signaling [26]. Here, by
exploiting the amplification process, we convert a single
photon qubit into a Macro-qubit involving a large num-
ber of photons. Let us venture in a more detailed account
of our endeavor.
BOB
ALICE
EPR
source
BOB
kA
kB
QIOPA
ALICE
EPR
source
kA
kB
(a)
(b)
FIG. 1: (a) Generation of an entangled photon pair by Spon-
taneous Parametric Down Conversion (SPDC) in a nonlin-
ear (NL) crystal; (b) Schematic diagram showing the single
photon Quantum-Injected Optical Parametric Amplification
(QI-OPA).
I. TEST OF MICRO-MACRO ENTANGLEMENT
An entangled pair of two photons in the singlet state
|Ψ−〉A,B=2−
1
2 (|H〉A |V 〉B − |V 〉A |H〉B) was produced
through a Spontaneous Parametric Down-Conversion
(SPDC) by the NL crystal 1 (C1) pumped by a pulsed
UV pump beam: Fig.2. There |H〉 and |V 〉 stands, re-
spectively, for a single photon with horizontal and verti-
cal polarization while the labels A,B refer to particles
associated respectively with the spatial modes kAand
kB . Precisely, A,B represent the two space-like sepa-
rated Hilbert spaces coupled by the entanglement. The
photon belonging to kB , together with a strong ultra-
violet (UV) pump laser beam, was fed into an optical
parametric amplifier consisting of a NL crystal 2 (C2)
pumped by the beam k′P . More details on this setup
and on its properties are given in the Appendix and in
[27]. The crystal 2, cut for collinear operation, emit-
ted over the two modes of linear polarization, respec-
tively horizontal and vertical associated with kB. The
interaction Hamiltonian of the parametric amplification
Ĥ = iχh¯â†H â
†
V + h.c. acts on the single spatial mode kB
where â†pi is the one photon creation operator associated
with the polarization −→pi . The main feature of this Hamil-
tonian is its property of ”phase-covariance” for ”equa-
torial” qubits |φ〉, i.e. representing equatorial states of
polarization, −→pi φ = 2−1/2
(−→pi H + eiφ−→pi V ) ,−→pi φ⊥ = −→pi ⊥φ ,
in a Poincare´ sphere representation having −→pi H and −→pi V
as the opposite ”poles” [27]. The equatorial qubits are
expressed in terms of a single phase φ ∈ (0, 2pi) in
the basis {|H〉 , |V 〉}. Owing to the corresponding in-
variance under U(1) transformations, we can then re-
write: Ĥ = 12 iχh¯e
−iφ
(
â†2φ − ei2φâ†2φ⊥
)
+ h.c. where â†φ =
2−1/2(â†H + e
iφâ†V ) and â
†
φ⊥ = 2
−1/2(−e−iφâ†H + â†V ).
The generic polarization state of the injected photon
|ψ〉Bstate on mode kB evolves into the output state∣∣Φψ〉
B
= Û |ψ〉B according to the OPA unitary trans-
formation Û [27]. The overall output state amplified
by the OPA apparatus is expressed, in any polarization
equatorial basis {−→pi φ,−→pi φ⊥}, by the Micro-Macro entan-
gled state commonly referred to in the literature as the
”Schroedinger Cat State” [28]
|Σ〉A,B = 2−1/2
(∣∣Φφ〉
B
∣∣1φ⊥〉
A
−
∣∣Φφ⊥〉
B
|1φ〉A
)
(1)
where the mutually orthogonal multi-particle ”Macro-
states” are:
˛˛
˛Φφ
E
B
=
∞X
i,j=0
γij
p
(1 + 2i)!(2j)!
i!j!
˛˛
˛(2i+ 1)φ; (2j)φ⊥
E
B
(2)
˛˛
˛Φφ⊥
E
B
=
∞X
i,j=0
γij
p
(1 + 2i)!(2j)!
i!j!
˛˛
˛(2j)φ; (2i+ 1)φ⊥
E
B
(3)
with γij ≡ C−2(−Γ2 )i Γ2
j
, C ≡ cosh g, Γ ≡ tanh g, being
g the NL gain [25]. There
∣∣pφ; qφ⊥〉
B
stands for a Fock
state with p photons with polarization −→pi φ and q pho-
tons with −→pi φ⊥ over the mode kB. Most important, any
injected single-particle qubit (α |φ〉B+β
∣∣φ⊥〉
B
) is trans-
formed by the information preserving QI-OPA operation
into a corresponding Macro-qubit (α
∣∣Φφ〉
B
+β
∣∣Φφ⊥〉
B
),
i.e. a ”Schrœdinger Cat” like, macroscopic quantum su-
perposition [22]. The quantum states of Eq.(2-3) de-
serve some comments. The multi-particle states
∣∣Φφ〉
B
,∣∣Φφ⊥〉
B
are orthonormal and exhibit observables bearing
macroscopically distinct average values. Precisely, for the
polarization mode −→pi φ the average number of photons is
m = sinh2 g for
∣∣Φφ⊥〉
B
, and (3m+1) for
∣∣Φφ〉
B
. For the
pi−mode −→pi φ⊥ these values are interchanged among the
two Macro-states. On the other hand, as shown by [22],
by changing the representation basis from {−→pi φ,−→pi φ⊥} to
{−→pi H ,−→pi V }, the same Macro-states,
∣∣Φφ〉
B
or
∣∣Φφ⊥〉
B
are
found to be quantum superpositions of two orthogonal
states
∣∣ΦH〉
B
,
∣∣ΦV 〉
B
which differ by a single quantum.
This unexpected and quite peculiar combination, i.e. a
large difference of a measured observable when the states
are expressed in one basis and a small Hilbert-Schmidt
distance of the same states when expressed in another
basis turned out to be a useful and lucky property since
it rendered the coherence patterns of our system very ro-
bust toward coupling with environment, e.g. losses. This
3was verified experimentally. The decoherence of our sys-
tem was investigated experimentally and theoretically in
the laboratory: cfr: [24, 27, 29]. The above features are
not present in atomic ensemble experiments, in which
quantum phenomena usually involve microscopic fluctu-
ations of a macroscopic system and the qubit states are
encoded as collective spin excitations.
As shown in Figure 2, the single particle field on mode
kA was analyzed in polarization through a Babinet-Soleil
phase-shifter (PS), i.e. a variable birefringent optical re-
tarder, two waveplates
{
λ
4 ,
λ
2
}
and polarizing beam split-
ter (PBS). It was finally detected by two single-photon
detectors DA and D
∗
A (ALICE box). The multipho-
ton QI-OPA amplified field associated with the mode kB
was sent, through a single-mode optical fiber (SM), to a
measurement apparatus consisting of a set of waveplates{
λ
4 ,
λ
2
}
, a (PBS) and two photomultipliers (PM) PB and
P ∗B (BOB box). The output signals of the PM’s were
analyzed by an ”orthogonality filter” (OF) that will be
described shortly in this paper.
We now investigate the bipartite entanglement
between the modes kA and kB . We define the
1
2−spin Pauli operators {σˆi} for a single photon po-
larization state, where the label i = (1, 2, 3) refer
to the polarization bases: i = 1 ⇐⇒ {−→pi H ,−→pi V },
i = 2 ⇐⇒ {−→pi R,−→pi L}, i = 3 ⇐⇒ {−→pi +,−→pi −}.
Here −→pi R = 2−1/2(−→pi H − i−→pi V ),−→pi L = −→pi ⊥R
are the right and left handed circular polariza-
tions and −→pi ± = 2−1/2(−→pi H ± −→pi V ). It is found
σˆi = |ψi〉 〈ψi| −
∣∣ψ⊥i 〉 〈ψ⊥i ∣∣ where {|ψi〉 , ∣∣ψ⊥i 〉} are
the two orthogonal qubits corresponding to the −→pi i
basis, e.g.,
{|ψ1〉 , ∣∣ψ⊥1 〉} = {|H〉 , |V 〉}, etc. By
the QI-OPA unitary process the single-photon σˆi
operators evolve into the ”Macro-spin” operators:
Σˆi = Uˆ σˆiUˆ
† =
∣∣Φψi〉 〈Φψi∣∣ − ∣∣Φψi⊥〉 〈Φψi⊥∣∣ . Since the
operators
{
Σˆi
}
are built from the unitary evolution of
eigenstates of σˆi , they satisfy the same commutation
rules of the single particle 12−spin:
[
Σˆi, Σˆj
]
= εijk2iΣˆk
where εijk is the Levi-Civita tensor density. The generic
state (α
∣∣ΦH〉
B
+ β
∣∣ΦV 〉
B
) is a Macro-qubit in the
Hilbert space B spanned by
{∣∣ΦH〉
B
,
∣∣ΦV 〉
B
}
, as said.
To test whether the overall output state is entangled,
one should measure the correlation between the single
photon spin operator σˆAi on the mode kA and the
Macro-spin operator Σ̂Bi on the mode kB. We then
adopt the criteria for two qubit bipartite systems based
on the spin-correlation. We define the ”visibility”
Vi =
∣∣∣〈Σ̂Bi ⊗ σ̂Ai 〉∣∣∣ a parameter which quantifies the
correlation between the systems A and B. Precisely Vi =∣∣P (ψi,Φψi) + P (ψ⊥i ,Φψi⊥)− P (ψi,Φψi⊥)− P (ψ⊥i ,Φψi)∣∣
where P (ψi,Φ
ψi) is the probability to detect the systems
A and B in the states |ψi〉A and
∣∣Φψi〉
B
, respectively.
The value Vi = 1 corresponds to perfect anti-correlation,
while Vi = 0 expresses the absence of any correlation.
The following upper bound criterion for a separable
state holds [30]:
S = (V1 + V2 + V3) ≤ 1 (4)
In order to measure the expectation value of Σ̂Bi a dis-
crimination among the pair of states
{∣∣Φψi〉
B
,
∣∣Φψi⊥〉
B
}
for the three different polarization bases 1, 2, 3 is re-
quired. Consider the Macro-states |Φ+〉B, |Φ−〉B ex-
pressed by Equations 2-3, for φ = 0 and φ = pi. In prin-
ciple, a perfect discrimination can be achieved by identi-
fying whether the number of photons over the kB mode
with polarization−→pi + is even or odd, i.e. by measuring an
appropriate ”parity operator”. This requires the detec-
tion of the macroscopic field by a perfect photon-number
resolving detectors operating with an overall quantum
efficiency η ≈ 1, a device out of reach of the present
technology.
It is nevertheless possible to exploit, by a somewhat so-
phisticated electronic device dubbed ”Orthogonality Fil-
ter” (OF), the macroscopic difference existing between
the functional characteristics of the probability distribu-
tions of the photon numbers associated with the quan-
tum states {|Φ±〉B}. The measurement scheme works
as follows: Figures 2 and 3. The multiphoton field is
detected by two PM’s (PB , P
∗
B) which provide the elec-
tronic signals (I+, I−) corresponding to the field inten-
sity on the mode kB associated with the pi−components
(−→pi +,−→pi −), respectively. By (OF) the difference signals
±(I+ − I−) are compared with a threshold ξk > 0 .
When the condition (I+ − I−) > ξk ((I− − I+) > ξk)
is satisfied, the detection of the state |Φ+〉B (|Φ−〉B) is
inferred and a standard transistor-transistor-logic (TTL)
electronic square-pulse LB (L
∗
B) is realized at one of the
two output ports of (OF). The PM output signals are
discarded for −ξk < (I+ − I−) < ξk, i.e. in condition
of low state discrimination. By increasing the value of
the threshold k an increasingly better discrimination is
obtained together with a decrease of detection efficiency.
This ”local distillation” procedure is conceptually justi-
fied by the following theorem: since entanglement can-
not be created or enhanced by any ”local” manipula-
tion of the quantum state, the non-separability condition
demonstrated for a ”distilled” quantum system, e.g., af-
ter application of the OF-filtering procedure, fully applies
to the same system in absence of distillation [30]. This
statement can be applied to the measurement of Iφ and
Iφ⊥ for any pair of quantum states
{∣∣Φφ〉
B
,
∣∣Φφ⊥〉
B
}
.
This method is but an application of a Positive Operator
Value Measurement procedure (POVM) [31] by which a
large discrimination between the two states {|Φ±〉B} is
attained at the cost of a reduced probability of a success-
ful detection. A detailed description of the OF device and
of its properties is found in the Appendix and in Ref.[27].
The present experiment was carried out with a gain
value g = 4.4 leading to a number of output photons
N ≈ 3 × 104, after OF filtering. In this case the proba-
bility of photon transmission through the OF filter was:
p ≈ 10−4. A NL gain g = 6 was also achieved with no
substantial changes of the apparatus. Indeed, an unlim-
4?/2
SM
k
B
k
A
C1
?/4 ?/2
PBS
C2
k
B
k’
P
k
P
PBS
DM
DM
D
A
*
ALICE
P
B
SM
?/4 ?/2
PS
PBS
P
B
*BOB
D
A
Coincidence
Box
OF
L
B
L
B
*
INSET
k
A
D
A
*
D
ABSPBS
FIG. 2: Optical configuration of the QI-OPA apparatus. The SPDC quantum injector (NL crystal 1: C1) is provided by a
type II generator of polarization-entangled photon couples. C1 generates an average photon number per mode equal to about
0.35, while the overall detection efficiency of the trigger mode was estimated to be ≃ 10%. The NL crystal 2: C2, realizing the
optical parametric amplification (OPA), is cut for collinear type II phase matching. Both crystals C1 and C2 are 1.5 mm thick.
The fields are coupled to single mode (SM) fibers. INSET: Two photon π−states over the mode kA are detected through a
fiber coupled beam-splitter BS by a pair of single-photon detectors DA and D
∗
A. A coincidence device, not shown in the Figure
reveals a coincidence between two simultaneous detection events by DA and D
∗
A with the emission of a transistor-transistor
logic (TTL) square signal DA . For the amplification of the 2-photon state, the intensity of the UV pump laser beam kP was
set at a level apt to generate 3 pairs of photons in the NL crystal 1 with a low probability: p ∼ 0.10.
ited number of photons could be generated in principle by
the QI-OPA technique, the only limitation being due to
the fracture of the NL crystal 2 in the focal region of the
laser pump. In order to verify the correlations existing
between the single photon generated by the NL crystal
1 and the corresponding amplified Macro-state, we have
recorded the coincidences between the single photon de-
tector signal DA (or D
∗
A) and the TTL signal LB (or
L∗B) both detected in the same pi−basis {−→pi +,−→pi −}: Fig-
ure 2. This measurement has been repeated by adopting
the common basis {−→pi R,−→piL}.
Since the filtering technique can hardly be applied
to the {−→pi H ,−→pi V } basis, because of the lack of a
broader SU(2) covariance of the amplifier, the small
quantity V1 > 0 could not be precisely measured. The
phase φ between the pi−components −→pi H and −→pi V on
mode kA was determined by the Babinet-Soleil variable
phase shifter (PS). Figure 4 shows the fringe patterns ob-
tained by recording the rate of coincidences of the signals
detected by the Alice’s and Bob’s measurement apparata,
for different values of φ. These patterns were obtained
by adopting the common analysis basis {−→pi R,−→pi L} with
a filtering probability ≃ 10−4, corresponding to a thresh-
old ξk about 8 times higher than the average photomul-
tiplier signals I. In this case the average visibility has
been found V2 = (54.0 ± 0.7)%. A similar oscillation
pattern has been obtained in the basis {−→pi +,−→pi −} lead-
ing to: V3 = (55± 1)%. Since always is V1 > 0, our
experimental result S = V2 + V3 = (109.0 ± 1.2)% im-
plies the violation of the separability criteria of Equa-
tion (4) and then demonstrates the non-separability of
our Micro-Macro system belonging to the space-like sep-
arated Hilbert spaces A and B. By evaluating the ex-
perimental value of the ”concurrence” for our test, con-
nected with the ”entanglement of formation”, it is ob-
tained C ≥ 0.10 ± 0.02 > 0 [32, 33]. This result again
confirms the non-separability of our bipartite system.
Further details on the measurement can be found in the
Appendix. A method similar to ours to test the non-
separability of a 2-atom bi-partite system was adopted
recently by [14].
II. VIOLATION OF THE MICRO-MACRO
BELL’S INEQUALITIES
A further investigation on the persistence of quantum
effects in large multi-particle systems has been carried
out by performing a nonlocality test implying the vio-
lation of a Bell’s inequality [34]. To carry out such a
test higher correlations among the fields realized on the
kA and kB modes are required. Hence we adopted the
QI-OPA amplification of a 4-photon entangled state. In
5FIG. 3: Theoretical probability distributions P±(m,n) of the
number of photons associated with the Macro-states
˛˛
Φ±
¸
(g = 1.6). Probabilistic identification of the wavefunctions˛˛
Φ±
¸
by OF-filtering the P±(m,n) distributions over the pho-
ton number two-dimensional space {m,n}. The white section
in the cartesian plane (m,n) corresponds to the ”inconclusive
events” of our POVM OF-filtering technique.
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FIG. 4: Coincidence counts versus the phase φ of the injected
qubit for a common basis {~π+, ~π−}: square data [LB , DA],
circle data [L∗B , DA]. The ”Visibility” of the fringe pattern is:
V ≃ 55%. Triangle data: noise due to accidental coincidences.
this second experiment, the NL crystal 1 generated by
SPDC two simultaneous entangled photon couples, i.e. a
4-photon entangled state . The 4 photons were emitted
over the two output modes ki (i = A,B) in the singlet
state of two spin-1 subsystems
|Ψ−2 〉AB =
1√
3
(|2H〉A|2V 〉B−|H ;V 〉A|H ;V 〉B+|2V 〉A|2H〉B)
(5)
We note that the state |Ψ−2 〉AB keeps the same expres-
sion in any polarization basis owing to its rotational in-
variance. The 2 photons generated over the mode kB
were injected into the collinear QI-OPA amplifier: Fig-
ure 2. After the amplification process the overall output
state can be expressed in any ”equatorial” polarization
basis
{−→pi φ,−→pi ⊥φ} on the Poincare´ sphere as
|Ω〉
AB
=
1√
3
“
|2φ〉A
˛˛
˛Φ2φ⊥
E
B
− |φ;φ⊥〉A
˛˛
˛Φφ,φ⊥
E
B
+ |2φ⊥〉A
˛˛
˛Φ2φ
E
B
”
(6)
where
∣∣Φψ〉
B
stands for the amplified field generated by
injecting the 2-photon state |ψ〉B:
∣∣Φψ〉
B
= Û |ψ〉B.
FIG. 5: Theoretical probability distribution P±(m,n) of the
number of photons associated with the Macro-states
˛˛
Φ2±
¸
(g = 1.6). Probabilistic identification of wavefunctions
˛˛
Φ2±
¸
by OF-filtering the P±(m,n) distributions over the photon
number two-dimensional space {m,n}.
Let us analyze the output field when the state
∣∣2φ⊥〉
A
was detected over the mode kA. This was done by the
simultaneous measurement, by the single-photon detec-
tors DA and D
∗
A inserted on the two output modes of an
ordinary beam-splitter (BS), of two photons emerging si-
multaneously from the same output port of a pi−analyzer
(PBS), inserted on the mode kA (see Figure 2-inset).
Each event of simultaneous detection by DA and D
∗
Awas
identified by the generation of a signal DA at the out-
put port of an additional electronic coincidence device,
not shown in Figure 2. In this condition the corre-
sponding, correlated state |2φ〉B was injected into the
QI-OPA amplifier on mode kB leading to the generation
of
∣∣Φ2φ〉
B
. When detected in the polarization basis −→pi ±
of the mode kB, the average photon number N± was
found to depend on the phase φ as follows: N±(φ) =
m+(5m+ 2) cos2
(
φ
2
)
with m = sinh2 g. Hence the out-
put state analyzed in the polarization basis −→pi ± exhibits
a fringe pattern of the field intensity depending on φ with
a gain-dependent visibility Vth = (4m+1)/(6m+2).When
φ = 0, the mode −→pi + is injected by a two photon state,
6the output field is
∣∣Φ2+〉
B
and N+(0) = 5m + 2. When
φ = pi, the state
∣∣Φ2−〉
B
is generated and a regime of
spontaneous emission is established: N+(pi) = m. The
two Macro-states
{∣∣Φ2±〉
B
}
were singled out, in our
conditional experiment, by the simultaneous detection
by the Alice’s Measurement apparatus of the correlated
states |2±〉A. As said, the realization of the state |2φ〉A
was identified by the emission of the signal DA , hav-
ing previously set the variable phase-shifter PS at the
wanted phase value φ. The Macro-states |Φ2±〉B exhib-
ited observables macroscopically distinct, the difference
being larger than the one observed in the case of the QI-
OPA amplification of a single photon state. Accordingly,
the
{∣∣Φ2±〉
B
}
state distinguishability problem was found
easier than in the single photon case because of a lower
mutual overlap of the 2-photon probability distributions.
The number of photons emitted by QI-OPA in this ex-
periment, after OF filtering, was N ≈ 3.5 × 104, with a
corresponding transmission probability through the OF
filter: p ≈ 10−3.
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FIG. 6: Coincidence counts [LB , DA] versus the phase φ of the
injected ”equatorial”qubit. ”Visibility” of the fringe pattern
V ≃ 81%.
We address now the problem of the distinguishabil-
ity between
∣∣Φ2+〉
B
and
∣∣Φ2−〉
B
, which are mutually or-
thogonal as shown by the quantum analysis reported in
the Appendix. Figure 5 reports the 3-dimensional rep-
resentations of the two probability distributions of the
number of photons which are associated with the two
Macro-states
∣∣Φ2±〉
B
. These distributions are drawn as
functions of the variablesm and n which are proportional
to the size of the electronic signals I+ = ξm and I− = ξn
generated by the PM’s (PB, P
∗
B). In analogy with the
entanglement experiment accounted for in the previous
section, a large discrimination between
{∣∣Φ2±〉
B
}
could
be obtained by adopting the OF-filter. The output sta-
tions located in spaces A and B measured a dichotomic
variable with eigenvalues ±1. The correlation fringe pat-
terns reported in Figure 6 were determined by simulta-
neous detection on the mode kA of the state |2φ〉A for
different values of the ”equatorial” phase φ and on the
mode kB of the OF-filtered
{∣∣Φ2±〉
B
}
. Precisely, this
was done by recording via the ”Coincidence Box” the
rate of coincidences between the signal DA realized at
Alice’s site and the TTL signal realized at one of the out-
put ports of the OF-filter: Figure 2. The best-fit fringe
pattern reported in Figure 6 was obtained by recording,
for different φ values the coincidence rate between DA
and the TTL signal realized at the output port LB of
the OF-filter with a filtering probability p ≈ 10−3. The
visibility of the fringe pattern was found V = (81± 2)%
, i.e. a large enough value that allows a Micro-Macro
non locality test for the entangled two spin-1 system. An
identical but complementary pattern, i.e. shifted by a
phase φ = pi, was found by collecting the coincidences
between DA and the TTL realized at the port L
∗
B of the
OF-filter. This additional pattern is not shown in Fig. 6.
Let us briefly outline the inequality introduced by
Clauser, Horne, Shimony, and Holt (CHSH) [3]. Each
of two partners, A (Alice) and B (Bob) measures a di-
chotomic observable among two possible ones, i.e. Alice
randomly measures either a or a′ while Bob measures b
or b′: Figure 7-a. For any couple of measured observ-
ables (A = {a, a′}, B = {b,b′}), we define the following
correlation function
E(A,B) =
N(+,+) +N(−,−)−N(+,−)−N(−,+)
N(+,+) +N(−,−) +N(+,−) +N(−,+)
(7)
where N(α, β) stands for the number of events in which
the observables A and B have been found equal to the
dichotomic outcomes α and β. Finally we define a pa-
rameter which takes into account the correlations for the
different observables.
S = E(a,b) + E(a′,b) + E(a,b′)− E(a′,b′) (8)
Assuming a local realistic theory CHSH found that the
relation |S| ≤ SCHSH = 2 holds.
To carry out a non-locality test in the Micro-macro”
regime, we define the two sets of dichotomic observables
for A and B which can be measured over different polar-
ization basis sets. Both partners perform measurements
in equatorial basis
{−→pi φ,−→pi ⊥φ}. A associates to the detec-
tion of the 2-photons with polarization −→pi φ, i.e. of |2φ〉A,
the observable +1 and to the detection of the 2-photons
with polarization −→pi φ⊥, i.e. of
∣∣2φ⊥〉
A
, the observable
−1. The two possible output values {a, a′} correspond to
φa =
pi
4 and φ
′
a = −pi4 : Figure 7-b.
B associates to the detection of the
∣∣Φ2φ〉
B
the ob-
servable +1 and to the detection of the
∣∣Φ2φ⊥〉
B
the ob-
servable −1. The two possible values {b,b′} correspond
to φb = 0 and φ
′
b =
pi
2 . In order to achieve a high dis-
crimination among
{∣∣Φ2φ〉
B
,
∣∣Φ2φ⊥〉
B
}
the OF-filter is
adopted.
Let us consider briefly the conceptual issues and the
possible loopholes raised by the present nonlocality test.
As shown in Figure 7, our system fully reproduces the
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FIG. 7: (a) Conceptual scheme for testing the Bell-CHSH
nonlocality Test. (b) Settings of the φ phases by which the
Bell-CHSH test was carried out.
standard Bohm-Bell scheme for testing nonlocality for
an entangled pair of spin-1 particles [35]. Two space-like
separated, uncorrelated ”black boxes” A and B receive
the entangled photons from a common EPR source, i.e.
involving the NL crystal 1 (C1). The boxA coincides with
the ”ALICE Box” in Figure 2 while the box B contains
all measurement devices appearing in the”BOB Box” in
Figure 2 and the QI-OPA amplifier, i.e. the NL crystal
2 (C2). Assuming this interpretation, the following two
conditions characterize our present nonlocality test: (1)
No artificial selection, sampling or filtering whatsoever is
made on the photon couples emitted by the EPR source,
before the particles enter the boxes A and B. (2) Any
external operation acting on the particles before mea-
surement, e.g. amplification, loss due to reduced quan-
tum efficiencies, OF-filtering etc., is a ”local operation”
because it is exclusively attributable to the separated in-
ternal dynamics of the devices contained in the boxes A
and B. On the basis of these premises any sampling or
filtering made on the particles by our system must be
defined a ”fair sampling” operation [3]. There ”fairness”
is precisely implied by condition (1), i.e. stating that no
externally biased perturbation is allowed to act on the
only carriers of nonlocality connecting A and B : the
EPR entangled particles. On these premises, any hid-
den variable analysis of the overall process will possibly
identify new ”loopholes” in our test. Certainly the sim-
ple ”detection loophole” does not apply to our complex
scheme [36]. In this connection, we remind that several
non-locality tests valid for post-selected events have been
conceived in the past. For instance, the ones adopting
photonic GHZ states [37] or 4 photon cluster states [38],
in which the tripartite entangled state is generated only
when a detector fires on each output mode. We believe
that our test is similar to the last condition, the only
difference being due to the use made in either cases by
the local post-selection operation. While in the previous
case it was instrumental to generate a quantum state,
in our case it is used to properly improve a local mea-
surement procedure, i.e. to make the quantum measure-
ment sharper. A procedure somewhat similar to ours was
adopted by Babichev et al. to carry out the non-locality
proof of single photon dual-mode optical qubit [39]. We
believe that a careful quantum analysis will be required
to fully clarify the aspects of our POVM method in the
context of any hidden variable theory [40, 41].
Experimentally we obtained the following values by
carrying out a measurement with a duration of 4 hours
and a statistics per setting equal to about 500 events:
E(φa, φb) E(φ
′
a, φb) E(φa, φ
′
b) E(φ
′
a, φ
′
b)
0.643± 0.027 0.551± 0.029 0.608± 0.017 −0.453± 0.023
which leads to
S = 2.256± 0.049
Hence a violation by more than 5 standard deviation over
the value SCHSH = 2 is obtained. This experimental
value is in agreement with an average experimental visi-
bility of V ∼ 80% which should lead to S = 2.26.
III. APPLICATIONS TO QUANTUM
INFORMATION. MACRO-MACRO
ENTANGLEMENT
We have experimentally demonstrated the quantum
non-separability of a Micro-Macro-system. Furthermore,
by increasing the size of the injected ”seed” state, namely
by adopting at the outset a 4-photon entangled state,
we have reported a violation of Bell inequalities. It is
possible to demonstrate that the methods adopted in
present experiment can be re-formulated in the context
of the ”continuous variable” approach (CV), which is
commonly used to analyze the quantum informational
content of ”quadrature operators” for multi-particle sys-
tems [42]. Indeed the intersection of the present QI-OPA
method and of the CV approach appears to be an in-
sightful and little explored field of research to which the
present work will contribute by eliciting an enlightening
theoretical endeavor. However, in spite of these appeal-
ing perspectives, we believe that the QI-OPA approach
is more directly applicable to the field of Quantum In-
formation and Computation in virtue of the intrinsic
information-preserving property of the QI-OPA dynam-
ics. Indeed, this property implies the direct realization of
the quantum map (α |φ〉+β ∣∣φ⊥〉) −→ (α ∣∣Φφ〉+β ∣∣Φφ⊥〉)
connecting any single-particle qubit to a corresponding
Macro-qubit, by then allowing the direct extension to the
multi particle regime of most binary logic methods and
algorithms. A simple example may be offered by the im-
plementation of several universal 2-qubit logic gates such
as the CNOT or the phase-gate. Consider a 2-qubit phase
gate in which the control-target interaction is provided
by a Kerr-type optical nonlinearity. It is well known that
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FIG. 8: Implementation of Macro-Macro entanglement (a) via
two QI-OPA entanglement swapping (b) through two optical
parametric amplifiers.
the strength of this nonlinearity is far too small to pro-
vide a sizable interaction between the”control” and the
”target” single-particle qubits, even in the special case of
the atomic quasi resonant electromagnetic induced trans-
parency configuration (EIT) [43, 44]. However, by re-
placing these qubits by the corresponding Macro-qubits
associated with N photons, the NL interaction strength
can be enhanced by a large factor χ since the 3d-order
NL polarization scales as N3/2. By assuming the values
of the NL gain g realized experimentally in the present
work, the value of this factor can be as large as χ ≈ 107
for g = 4.4 and χ ≈ 1011 for g = 6.0. Such large en-
hancement of the NL interaction strength may represent
the key solution towards the technical implementation of
the most critical optical components of a quantum com-
puter.
Of course, all these applications are made possible by
an important property of the QI-OPA scheme: there the
multi-particle entangled Macro-states are directly acces-
sible at the output of the QI-OPA apparatus. In other
words, in our systems the many photons involved in
the quantum superpositions are not sealed or trapped
in hardly accessible electromagnetic cavities, nor suffer
from decoherence processes due to handling, storing or
measurement procedures.
At last, the Micro-Macro experimental method demon-
strated in this work can be upgraded in order to achieve
an entangled Macro-Macro system showing again marked
nonlocality features. Such scheme could exploit an ”en-
tanglement swapping” protocol [45] as shown in Fig.8-
(a). There the final entangled state is achieved through
a standard intermediate Bell measurement carried out on
the Micro-states. A similar process has been suggested
in different contexts, for instance to entangle microme-
chanical oscillators [46]. As an alternative approach, the
single photon states on mode kA and kB could be ampli-
fied by two independent QI-OPA’s :Fig.8-(b). Another
appealing perspective is the light-matter entanglement,
consisting of the coupling, either linear or nonlinear, of
the multi-photon generated QI-OPA fields with the me-
chanical motion of atomic systems. As an example, the
coupling of a Bose Einstein Condensed (BEC) assembly
of Rb atoms with the entangled multi-particle field gen-
erated by our apparatus is presently being investigated
in our Laboratories [47]. All this can open interesting
scenarios in modern science and technology. On a very
fundamental side, the observation of quantum phenom-
ena with an increasing number of particles can shed light
on the elusive boundary between the ”classical” and the
”quantum” worlds, and provide new paths to investigate
the notion of quantum wavefunction and its intriguing
”collapse” [48].
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APPENDIX A: EXPERIMENTAL SETUP
We provide here more structural details on the appa-
ratus shown in Figure 2 of the main text (MT) . The
excitation source was a Ti:Sa Coherent MIRA mode-
locked laser amplified by a Ti:Sa regenerative REGA de-
vice operating with pulse duration 180fs, repetition rate
250kHz and average output power: 1.6W . The pumping
laser of the amplifier was a laser Coherent Verdi operat-
ing at a continuous-wave 13.5W power level . The out-
put beam, frequency-doubled by second-harmonic gen-
eration, provided the OPA excitation field beam at
the UV wavelength (wl) λP = 397.5nm with power:
750 ÷ 800mW . The UV beam, splitted in two beams
through a λ/2 waveplate (wp) and a polarizing beam
splitter (PBS), excited two BBO (β-barium borate) NL
crystals cut for type II phase-matching. Crystal 1, (C1)
excited by the beam kP , was the SPDC source of en-
tangled photon couples with wl λ = 2λP , emitted over
the two output modes kj (j = A,B) in the singlet state
|Ψ−〉A,B=2−1/2 (|H〉A |V 〉B − |V 〉A |H〉B). The power of
beam kP was set at a low enough level to generate with
negligible probability more than two simultaneous pairs
of photons. The photon associated with mode kA, here-
after referred to as trigger mode, was coupled into a
single mode fiber and excited through a PBS one of
the single photon counting modules (SPCM) (DA, D
∗
A),
while the single photon state generated over the mode
kB was injected, together with a strong UV pump beam
(mode k′P ), into the NL crystal 2 (C2) and stimulated
the simultaneous emission of large number of photon
pairs. The measurement was carried out on the mode
kA by adopting a set of two waveplates, λ/2 + λ/4, a
Soleil-Babinet variable phase-shifter (PS) and a polar-
izing beam-splitter PBS. By a delay (Z) the time su-
perposition in the OPA of the excitation UV pulse and
9of the injection photon wavepacket was provided. The
injected single photon and the UV pump beam k′P were
superimposed by means of a dichroic mirror (DM) with
high reflectivity at λ and high transmittivity at λP . The
output state of the crystal 2 with wl λ was spatially sep-
arated by the fundamental UV beam again by a dichroic
mirror (DM) and spectrally filtered by an interference
filter (IF ) with bandwidth ∆λ = 1.5nm, transmittiv-
ity (≈ 80%) and coupled to a single mode fiber (SM),
polarization analyzed and then detected by 2 equal pho-
tomultipliers (PM) PB and P
∗
B . The SPCM detectors
were single-photon modules Perkin Elmer type AQR14-
FC. The PM’s were Burle A02 with a Ga-As photocath-
ode having a detector quantum efficiency ηDQE = 13%.
In a first experiment with no quantum injection, we
measured the gain value g of the optical parametric pro-
cess and the overall detection efficiency ηQE of the detec-
tion apparatus. The average signal amplitude of PB was
measured for different values of the UV power. The gain
value g of the process was obtained by fitting the exper-
imental data [29, 30] with an exponential function, lead-
ing to gmax = (4.40± 0.02), corresponding to an over-
all mean photon number per mode m = 1470. A gain
g = 6.0, m = 4.0×104 was also realized with no substan-
tial changes in the apparatus. The exponential growth
demonstrates the multiple generation of photon pairs by
a self-stimulation process within the NL crystal. The
overall efficiency on the kB mode, ηB ≃ 3% was deter-
mined by fiber coupling (∼ 50%), IF transmittivity and
detector ηDQE .
1. Orthogonality Filter
Here we give more details of the ”Orthogonality fil-
ter” (OF), a device adopted to discriminate among the
quantum states {|Φ±〉B}. This operation is realized by
exploiting the different functional characteristics exist-
ing between the corresponding photon number distribu-
tion patterns P+(m,n) and P−(m,n) corresponding to
the Macro states expressed respectively by Equations(2-
3) of MT for φ = 0 and φ = pi : |Φ+〉B and |Φ−〉B.
Precisely, since the single-photon resolving detection is
beyond the reach of present technology and ηDQE < 1, we
may consider that the two Fock components of the Macro
states, |(2i+ 1)+; (2j)−〉 and |(2i)+; (2j + 1)−〉 belong-
ing respectively to the expressions of |Φ+〉B and |Φ−〉B,
generate the same signals at the output of any couple of
PM detectors: (I+, I−) ∝ (m ≈ 2i, n ≈ 2j). However a
discrimination may still be carried out efficiently between
the above orthogonal Macro states by exploiting the dif-
ferent ”shape” of the probability distributions P+(m,n)
and P−(m,n) for large values of |n−m|. For this pur-
pose, we introduce an appropriate threshold k > 0 for
signal discrimination. By analyzing the two probability
distributions we infer that when (m − n) > k the sig-
nals (I+, I−) can be attributed to the state |Φ+〉B with
a fidelity that increases with the value of k. In this case
the measured eigenvalue of Σ̂B3 is found = +1. Likewise,
when (n−m) > k the signals (I+, I−) is inferred to corre-
spond to the state |Φ−〉B with Σ̂B3 eigenvalue = -1. The
events which satisfy the inequality −k < (m − n) < k
are discarded since there the two distributions approxi-
mately overlap impairing a reliable state discrimination.
This technique can be adopted even with a low value of
detection efficiency (η ≃ 10−2) since it is found that the
functional characteristics of the distributions P±(m,n)
which are pertaining to the discrimination of the states
|Φ±〉B are preserved under the signal propagation over a
lossy channel. This important point has been carefully
investigated theoretically and experimentally in our lab-
oratory [27].
The measurement scheme just described has been
physically implemented by the OF shown in Figure 9, an
electronic device by which the pulse heights of the couple
of input signals (I+, I−) provided by two PM’s (PB, P
∗
B)
are summed with opposite signs by a balanced linear am-
plifier (LA) with ”gain” G (chip National LM733). Each
of the two signals ±[G(I+ − I−)] ≡ ±[Gξ(m − n)] re-
alized at the two symmetric outputs of (LA) feeds an
independent electronic discriminator (AD9696) set at a
common threshold level Gξk . Owing to previous consid-
erations the two discriminators never fire simultaneously
and each of them provides, when activated, a standard
transistor-transistor-logic (TTL) square signal at its out-
put port. As said, when the condition (I+−I−) > ξk , i.e.
In B*In B
Out BOut B*
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PB
*
Diffential
amplifier Discriminator Logical
circuit
Trigger Laser
VrefA
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FIG. 9: Electronic Orthogonality filter OF. The electronic
signals (I+, I−) emitted simultaneously by two photomulti-
pliers PB and PB feed a linear difference amplifier (National
LM733). Each of the two output ports of the amplifier is con-
nected to an electronic discriminator set at a threshold level
ξk > 0 equal for the two discriminators. Each discrimina-
tor emits a TTL electronic square signal if the threshold is
overcome by the difference signals. Precisely, a TTL signal is
realized at the port LB when: (I+ − I−) > ξk or at the port
L∗B when (I−−I+) > ξk. The two discriminators never fire si-
multaneously. The rejected events, for −ξk < (I+−I−) < ξk,
correspond to the ”inconclusive outcomes” of our generalized
POVM measurement technique.
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(m − n) > k is satisfied, a TTL signal LB is generated
and then the realization of the state |Φ+〉B is inferred.
Likewise, when (I− − I+) > ξk a TTL signal L∗B is gen-
erated and the realization of the state |Φ−〉B is inferred.
The events that are discarded for: −ξk < (I+− I−) < ξk
correspond to the ”inconclusive” outcomes of any POVM
[31].
The OF device has been tested and characterized in
condition of spontaneous emission, i.e., in absence of any
quantum injection into C2. In this condition the out-
put TTL signals LB(L
∗
B) were measured by sending only
the signal I+(I−) as input and by varying the threshold
k. In this regime the number of photons generated per
mode should exhibit a thermal probability distribution:
P (n) = 〈n〉
n
(1+〈n〉)n+1 with 〈n〉 average photon number per
mode. Hence the probability to detect a signal above
the threshold k is: Π(k) =
∑∞
n=k P (n) =
(
〈n〉
(1+〈n〉)
)k
.
We have experimentally checked the dependence on the
threshold k of the number of counts, which is expressed
by R × Π(k), being R the repetition rate of the source.
The experimental data shown by Figure 10 represent a
fair support of the expected exponential behavior.
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FIG. 10: Count rates versus the threshold k. The measured
average electronic signal was ≃ 40mV , while the repetition
rate of the main laser source was 250 kHz.
2. Entanglement Test
To carry out the measurement of the degree of the
entanglement ALICE and BOB adopt a common polar-
ization basis i. In the basis {−→pi +,−→pi −} the measure-
ments were carried out by setting the λ4 and
λ
2 wave-
plates, shown in the ALICE Box in Figure 2, with the
optical axes making angles respect to the vertical direc-
tion equal to 45◦ and 22.5◦, respectively. An identical
FIG. 11: Theoretical photon number probability distribution
P±(m,n) for the Macro-state: |Φ+,−〉 (g = 1.5).
setting was adopted for the λ4 and
λ
2 wp’s in the BOB
Box in Figure 2. Likewise, in the basis {−→pi R,−→pi L} the
measurements were carried out by setting the two sets of
λ
4 ,
λ
2 wp’s, shown in the ALICE and BOB Boxes, with the
optical axes making identical angles respect to the ver-
tical 0◦ and 22.5◦, respectively. The phase shifter (PS),
placed at the ALICE’s site, consisted of a Soleil-Babinet
compensator, i.e. a variable birefringent retarder.
The experimental ”Visibility” Vi were mea-
sured by recording the coincidence patterns
{[LB, DA], [L∗B, DA], [LB, D∗A], [L∗B, D∗A]} recorded
for both spaces A and B in the basis i [30]. According to
the standard definition: Vi = (Imax− Imin)/(Imax+ Imin)
where Imax, Imin are respectively the maximum and the
minimum values of the detected signals corresponding
to the value of phase φ = 0. The visibility values
reported in the Main Text were recorded by averaging
over a time ≃ 5 hours the results of 4000 events for each
experimental datum shown in Figure 4, for each basis.
It′s worth noting that the above procedure is ”phase
covariant”, i.e. the overall quantum efficiency of the elec-
tronic filter OF is independent of the phase φ. In other
words, and most important in the present context, ev-
ery state produced by QIOPA,
∣∣Φφ〉
B
= Û |φ〉B , has the
same overall probability to be filtered by the electronic
filter and to produce a TTL signal at one output port, ei-
ther LB or L
∗
B. This feature was experimentally verified
by measuring the OF-filtering probability Pfil for differ-
ent phase values of the injected qubit. In particular, Pfil
assumes the same value when the measurement is ap-
plied to the state {|Φ+〉B , |Φ−〉B} and
{∣∣ΦR〉
B
,
∣∣ΦL〉
B
}
states.
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3. CHSH tests
Let us now account for the non-locality test by consid-
ering the measurement carried out within the two Boxes
A and B shown in Figure 7. (A) Measurement at the
A Box. The angles respect to the vertical made by the
optical axes of the waveplates λ4 ,
λ
2 shown in the ALICE
Box in Figure 2 were set at 0◦ and 22.5◦, respectively.
The phase shifter (PS) was set in two different positions
to obtain φa =
pi
4 and φ
′
a = −pi4 . (B) Measurement at the
B Box. The basis corresponding to φb = 0 was obtained
by setting the angles respect to the vertical made by the
optical axes of the wp’s λ4 ,
λ
2 shown in the BOB Box in
Figure 2, at the values 45◦ and 22.5◦, respectively. The
basis corresponding to φ′b =
pi
2 was obtained by setting
the angles respect to the vertical made by the optical
axes of the same wp’s λ4 ,
λ
2 at the values 0
◦ and 22.5◦,
respectively. As shown in Figure 2, in the B Box the
above phase changes were made by acting on the Macro-
states, i.e., on the output multi-particle beam emerging
from the QI-OPA.
APPENDIX B: 2-PHOTON WAVEFUNCTION
The Macro-state generated by QI-OPA on mode kB when a 2-photon state |(2)±〉B is injected, is expressed by
∣∣Φ2±〉
B
= − Γ
C
√
2
∞∑
i,j=0
γij
√
(2i)!(2j)!
i!j!
|(2i)±; (2j)∓〉B +
1
C3
∞∑
i,j=0
γij
√
(2i+ 2)!(2j)!
i!j!
|(2i+ 2)±; (2j)∓〉B (B1)
While, the following Macro-state is generated if a state |1+; 1−〉 is injected:
∣∣Φ+,−〉
B
=
1
C3
∑
i,j
(−1)j
(
Γ
2
)i+j √
(2i+ 1)! (2j + 1)!
i!j!
|(2i+ 1)+; (2j + 1)−〉B (B2)
The photon number probability distribution for the Macro-state |Φ+,−〉B is reported in Figure 11.
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